MondoA and its transcriptional target thioredoxin-interacting protein (TXNIP) constitute a 13 regulatory loop that senses glycolytic flux and controls glucose availability. Cellular stress also 14 triggers MondoA activity and TXNIP expression. To understand how MondoA integrates glucose 15 and stress signals, we studied its activation by acidosis. We found that acidosis drives 16 mitochondrial ATP (mtATP) synthesis. The subsequent export of mtATP from mitochondria via 17 adenine-nucleotide transporter and voltage-dependent anion channel, and the enzymatic activity 18 of mitochondria-bound hexokinase results in the production of glucose-6-phosphate (G6P), a 19 known activator of MondoA transcriptional activity. MondoA localizes to the outer-mitochondrial 20 membrane (OMM), and in response to G6P, shuttles to the nucleus and activates transcription. Our 21 data suggests that MondoA is a required feature of a glucose-and mtATP-dependent, OMM-22 localized signaling center. We propose MondoA functions as a coincidence detector and its ability 23 to sense glucose and cellular stress is coupled to the concerted production of G6P. 24 25 comments on this manuscript. We also thank Hiroyuki Noji (University of Tokyo), Varda 577
INTRODUCTION 26
Glucose is a major source of carbons for the production of ATP and biosynthetic 27 intermediates. Dysregulation of glucose uptake and metabolism underlies many diseases including 28 cancer and diabetes (Petersen et al., 2017 , Hay, 2016 . Thus, it is important to understand the 29 precise molecular mechanisms that regulate glucose homeostasis in normal and pathological MondoA controls the glucose-dependent expression of thioredoxin-interacting protein 40 (TXNIP), which has a number of critical cellular functions (Anderson, 2016 , Shalev, 2014 and . The best characterized among these is as a suppressor of glucose uptake 42 (Stoltzman et al., 2008 , Wu et al., 2013 , Hui et al., 2008 . Thus, MondoA and TXNIP -the 43 MondoA/TXNIP axis -make up a negative feedback loop that maintains cellular glucose 44 homeostasis. High TXNIP is anti-correlated with glucose uptake in human tumors and is a 45 predictor of better overall survival in cancer patients, establishing the MondoA/TXNIP axis as an 46 important prognostic factor in cancer (Lim et al., 2012 , Chen et al., 2010 , Shen et al., 2015 . 47
MondoA shuttles from the outer mitochondrial membrane (OMM) to the nucleus where it 48 drives transcriptional circuits that control cellular fuel choice (Billin et al., 2000 , Sans et al., 2006 , 49 Stoltzman et al., 2008 . In addition to being regulated by glucose, a functional electron transport 50 chain (ETC) is also required for MondoA-dependent transcription (Yu et suggesting that at least some of these stresses 65 may impact MondoA activity and/or the 66 availability of glucose-derived metabolites. 67 Intracellular acidification is a 68 metabolic stress intrinsic to proliferative cells 69 that results from increased glycolytic flux and 70 consequent lactate production. Cancer cells 71 initiate a homeostatic response to intracellular 72 acidification to restore physiological pH that 73 includes export of lactate, slowing of glycolysis and restricting glucose uptake (Webb et al., 2011 , 74 Gunnink et al., 2014 . pH-regulation of glycolytic flux and proton transport have been well-studied 75 (Webb et al., 2011) , and our previous work suggests a role for the MondoA/TXNIP axis in 76 normalizing cellular pH. For example, lactic acidosis triggers MondoA-dependent TXNIP 77 expression and decreased glucose uptake (Chen et al., 2010 To determine the contribution of MondoA to acidosis-driven gene expression we 151 conducted RNA-sequencing on mRNA from HeLa and HeLa:MondoA-KO cells treated with 152 DMEM Acidic for 4 hours. Using a 1.5-fold cut off and an adjusted p-value of £ 0.01, we identified 153 6 617 differentially regulated genes in HeLa cells treated with DMEM Acidic . Of these, 227 were not 154 regulated in HeLa:MondoA-KO cells, suggesting that MondoA contributes to nearly 37% of the 155 acidosis-driven transcriptional response. We next used regression analysis to look for genes that 156 are affected by both DMEM Acidic treatment and genotype. Loss of MondoA prevented the 157 induction/suppression of several acidosis-regulated genes; however, only two genes, TXNIP and 158 one of its paralogues, ARRDC4, were entirely dependent on MondoA ( Figure 3A ). 159
We next performed pathway analysis on genes differentially regulated in HeLa and 160 HeLa:MondoA-KO cells treated with DMEM Acidic . Consistent with the results above, TXNIP and 161 ARRDC4 were the most highly MondoA-dependent genes, with log2(fold-changes) of 7.9 and 5.1, 162 respectively ( Figure 3B ). We identified 157 other differentially regulated genes in HeLa:MondoA-163 KO cells (adjusted p-value ≤ 1E-10). Pathways that were upregulated in HeLa:MondoA-KO cells 164 were enriched for fatty acid metabolism, sterol biosynthesis, ion homeostasis, ROS metabolism, 165 and pyridine metabolism pathways, whereas cell death and proliferation pathways were 166 Together these results suggest that cytosolic and/or mitochondrial proton gradients, but not pH-198 Cytosolic and mitochondrial protons contribute to ETC function, which cooperatively 201 builds and consumes a proton gradient to synthesize ATP. We therefore sought to evaluate how 202 Widefield microscopy was used to capture images in the FRET and CFP channels. After images were obtained, mitochondria were analyzed for FRET and CFP signal. FRET signal was normalized using CFP. (E) ATP5I mRNA level in HeLa cells expressing scrambled (siSCRM, n=1) or ATP5I-specific siRNA (siATP5I, n=2). (F) Mit-ATEAM was used to determine how DMEM Acidic affects mitochondrial ATP production in the context of siSCRM or siATP5I. (G) TXNIP mRNA level following DMEM Acidic treatment of HeLa cells expressing scrambled or ATP5I-specific siRNA. ** p<0.01; ****p<0.0001; ns -not significant the ETC contributes to acidosis-driven MondoA activity. We used 143B⍴ 0 osteosarcoma cells, 203 which lack mitochondrial DNA (mtDNA) and are respiration deficient (King and Attardi, 1989) . 204 TXNIP was induced in parental 143B cells treated with DMEM Acidic (Figure 4A ), yet the induction 205 of TXNIP was blunted in 143B⍴ 0 cells ( Figure 4B ). TXNIP induction was rescued in 143B⍴ 0 cells 206 that had been repopulated with wild type mitochondria (143B⍴ 0 :WT-cybrid cells; Figure 4C ). 207
These genetic experiments confirm previous inhibitor studies that implicated a functional ETC in 208
MondoA transcriptional activity (Yu et al., 2010, Han and . 209
Given the predominant role of the ETC in ATP synthesis, we determined whether 210 mitochondrial ATP (mtATP) synthesis is required to trigger the MondoA/TXNIP axis. We used 211 matrix to the inner membrane space. Given that the outer mitochondrial membrane is freely 223 permeable to protons (Cooper, 2000) , we hypothesized that acidosis leads to intracellular 224 acidification, hyperpolarization of the inner-mitochondrial membrane and ATP synthesis. Using 225 the pH-sensitive dye BCECF-AM, we determined that DMEM Acidic treatment shifted intracellular 226 pH from 7.2 to 6.5 ( Figure 5A ). The drop in pH was accompanied by an increase in mitochondrial 227 membrane potential as measured by the dye JC1 ( Figure 5B ) and an increase in total cellular ATP 228 levels ( Figure 5C ). Collectively these data show that treating cells with low pH medium increases 229 total cellular ATP levels. We next sought to determine whether the accumulation of mtATP resulted from increased 240 synthesis or decreased mitochondrial export. We blunted expression of ATP5I, an essential 241 component of the ATP synthase, using siRNA-mediated knockdown ( Figure 5E ). Consistent with 242 our working model, ATP5I knockdown decreased not only the steady state level of mtATP, but 243 also the low pH-driven increase in mtATP ( Figure 5F ). Furthermore, ATP5I knockdown prevented 244 TXNIP induction in response to DMEM Acidic treatment ( Figure 5G ). Together these data show that 245 acidosis drives mtATP production through ATP synthase and that mtATP synthesis is required for 246 low pH-driven MondoA transcriptional activity. Mitochondria-bound HK2 has preferential access to mtATP that is exported from the mitochondria 252 (Wilson, 2003) . The enzymatic activity of HK2 transfers the terminal phosphate from ATP to 253 glucose to generate G6P. Because G6P is a known activator of MondoA transcriptional activity, 254
we speculated that acidosis-induced mtATP drives the synthesis of G6P to trigger MondoA 255 transcriptional activity ( Figure 6B ). We have tested this model in several ways. First, we 256 Figure 6C ). By 259 contrast, most glycolytic intermediates were decreased in response to DMEM Acidic ; however, G6P 260 levels were increased 3-fold ( Figure 6C) . 261
Second, we tested the contribution of the channel, comprised of the adenine-nucleotide 262 transporter (ANT) in the inner-mitochondrial membrane and voltage-dependent anion channel 263 (VDAC) in the outer-mitochondrial membrane, that exports mtATP from the mitochondria. 264
Consistent with our working model, which states that mtATP must be exported from the matrix, 265 siRNA-mediated knockdown of ANT2 prevented TXNIP induction in response to low pH medium 266 ( Figure 6D ). This finding suggests that mtATP functions outside the mitochondria to trigger 267
MondoA transcriptional activity, rather than by an indirect signaling-based mechanism. 268 Third, we used several approaches to test the contribution of HK2 to low pH-driven 269
MondoA activity. siRNA pools against HK2 blocked TXNIP induction in response to low pH 270 treatment ( Figure 6E (Figure 7A ). We complemented these loss-280 of-function experiments with a gain-of-function approach designed to determine whether 281 mitochondrial localization of hexokinase was sufficient for low pH-induced MondoA 282 transcriptional activity. To accomplish this goal, we artificially tethered HK2 to the mitochondria. 283
We achieved this by fusing VDAC1 to the first 10 b-strands of GFP (mVDAC1-GFP(1-10)) and 284 by fusing HK2 to the last b-strand of GFP (HK2-GFP(11)). When co-expressed, the b-strands of 285 GFP self-assemble (Kamiyama et al., 2016) , linking mVDAC1 and HK2 ( Figure 7B ). Expression 286 of mVDAC1(E72Q)-GFP(1-10), which does not interact with HK2, blocked TXNIP induction 287 Previous studies established that MondoA's transcriptional activity is highly-dependent on 301 two signals: glucose and a signal from the ETC. By dissecting how low pH drives MondoA 302 transcriptional activity, we establish here that the ETC signal is mtATP. Previous studies showed 303 that a functional ETC is required for basal TXNIP expression, thus we propose that mtATP is a 304 general requirement for MondoA transcriptional activity. Via the activity of OMM-bound HK2, 305 mtATP couples to cytoplasmic glucose to generate G6P, which drives the nuclear accumulation 306 and transcriptional activity of MondoA:Mlx complexes (Figure 8 ). Further, we previously 307 demonstrated (Sans et al., 2006) , and confirmed here ( Figure 4A) , that MondoA and Mlx also 308 interact with the OMM. Therefore, we propose that MondoA:Mlx and HK2 constitute a sensing 309 and response module that integrates signals from the cytoplasm and the mitochondria to coordinate 310 the transcriptional response to the cells two predominant energy sources. We studied how acidosis 311 drives mtATP production and MondoA transcriptional activity. It will be interesting to determine 312 whether other cellular signals that drive MondoA transcriptional activity also function by 313 controlling mtATP pools. 314
By binding the mitochondria, hexokinase has increased specific activity and decreased 315 feedback inhibition by G6P (Robey and Hay, 2006) . By localizing to the mitochondria and sensing 316 G6P derived from mitochondria-bound hexokinase, we propose that MondoA activity is coupled 317 to mitochondrial hexokinase activity and mtATP synthesis. Given the OMM localization of 318
MondoA, Mlx and HK2, we suggest that the OMM serves as a scaffold for nutrient sensing by 319
MondoA, akin to other nutrient sensors that 320 are tethered to organellar membranes, e.g. the 321 mTORC1 complex is tethered to the lysosome 322 where it integrates intra-lysosomal nutrient 323 levels and cytosolic growth factor signals to 324 control biosynthesis ( 
Cell lines 386
A list of cell lines used is provided in the Key Resources Table. All cells were maintained in 387 DMEM +10% FBS (Gibco), 100 units/mL penicillin (Gibco) and 100 units/mL streptomycin 388 (Gibco). 143Br 0 and cybrids were cultured with 1 mM sodium pyruvate and 50 µg/mL uridine. 389
Cells were passaged and treated in an incubator set at 37 °C and 5% CO2. in TBST for one hour at room temperature with gentle rocking. Membranes were then washed 428 again and proteins were detected with chemiluminescence using standard or high sensitivity ECL 429 (Genesee Scientific or Thermo Fisher, respectively). Antibodies were used at the following 430 dilutions: Anti-GFP 1:1000; Anti-HK2 1:1,000; Anti-Mlx 1:1,000; Anti-MondoA 1:2,000; Anti-431 SDHA 1:15,000; Anti-Tubulin 1:50,000; Anti-TXNIP 1:2,000; Anti-goat HRP 1:20,000; Anti-432 mouse HRP 1:5,000 and Anti-rabbit HRP 1:15,000. 433
434

ATP quantification 435
After treatment, cells were washed once with cold PBS. Cells were scraped into boiling TE buffer 436
(1 mL per 3.5 cm dish), which was collected into 1.5 mL centrifuge tube. Cells were then boiled 437 for 5 min. Lysates were cleared by centrifugation at 20,000xg for 5 minutes. The ATP 438 determination kit (Thermo Fisher) was used with 10 µL of supernatant. A standard curve was 439 generated using purified ATP. 440 
Mitochondria purification 492
Mitochondria were purified from ~20×10 6 cells using a Mitochondria Isolation Kit for Cultured 493 Cells (Thermo Fisher). Cells were processed using a PTFE tissue grinder (VWR). Following 494 purification, mitochondria were resuspended in 100 µl radioimmunoprecipitation (RIPA) buffer. 495 100 µl of both mitochondria and cytosolic fractions were sonicated at using a Bioruptor sonication 496 device (Diagenode). Sonication was performed 4°C using 30 second on/off pulses at the high 497 setting. Following sonication, lysates were centrifuged and supernatants were collected and 498 analyzed for protein content using a Bradford Protein Assay (Bio-Rad). 1-5 µg of sample were 499 used for immunoblot analysis. 500 501
Subcellular Fractionation: Nuclei and cytoplasm 502
Three days prior to fractionation siRNAs were transfected using Lipofectamine 3000 (Thermo 503 Fischer). Cells were washed with cold PBS and dislodged from plate by scraping. Cells were 504 pelleted by centrifugation and resuspended in 1 mL of fractionation buffer (40 mM HEPES pH 505 7.9, 137 mM NaCl, 2.7 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM DTT, 506 0.5% NP40, protease and phosphatase inhibitors). Cells were incubated on ice for 10 minutes then 507 pelleted by centrifugation at 1000 rcf for 5 minutes. The supernatant was kept (cytoplasm) and the 508 pellet (nuclei) was washed three times with 0.5 mL fractionation buffer. 509
Luciferase Assay 511
Cells were seeded and the next day transfected with constructs containing a 1518-bp fragment of 512 the TXNIP promoter (or a mutant)-driven luciferase and CMV-driven beta-galactosidase ( 
GC-MS 520
Following treatment, cells were collected into a 1.5 mL microcentrifuge tube then snap frozen 521 using liquid nitrogen. Cells were kept at -80°C until metabolite extraction was performed. 450 µL 522 of cold 90% methanol and internal standards were added to cells and incubated at -20°C for 1 hour. 523
Tubes were then centrifuged at -20,000×g for 5 minutes at 4°C. Supernatants were dried using a 524 speed-vac. 
RNA-sequencing library construction and analysis 541
Total RNA was extracted from cells using a Quick RNA Miniprep Kit (Zymo Research) according 542 to manufacturer's recommendations. mRNA was isolated and library production performed using 543 a Stranded mRNA-Seq Kit with mRNA Capture Beads (Kapa). Library quality was analyzed using 544 an Agilent High Sensitivity D1000 ScreenTape. Single-end sequencing for 50 cycles was 545 performed using an Illumina HiSeq. The resulting FASTQ files were aligned to the human genome 546 (hg38) using STAR. DESeq2 was used to quantify transcript abundance, differential expression, 547 FPKM values, and interaction terms (genotype:treatment combinatorial statistic). The normalized expression (log2(normalized-counts + 1)) of TXNIP, SLC16A3 (MCT4), 565 SLC16A1 (MCT1) and SLC9A1 (NHE1) was determined using the UCSC Xena browser. 566
Spearman and Pearson coefficients were used to correlate gene expression. The following datasets 567 were used: TCGA-BRCA, TCGA-LUNG, TCGA-GBM, GTEx-muscle and GTEx-skin. 568 569
Quantification and statistical analysis 570
Data is presented as mean ± standard deviation. One-way ANOVA was used to account for 571 variation and significance was determined using a two-tailed Student's t-test. Unless otherwise 572 indicated, at least three biological replicates were used for each analysis. 573 
